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MIC measurementCampylobacter fetus is a Gram negative bacterium recognized for its virulence in animals and humans. This
bacterium possesses a paracrystalline array of highmolecular weight proteins known as surface-layer proteins
covering its cell surface. A mathematical model has been made of the outer membrane of this bacterium, both
with its surface-layer proteins (S+) and without (S−). Monte Carlo computer simulation was used to
understand the stability of the surface-layer protein structure as a function of ionic concentration. The inter-
actions of an electrically-charged antimicrobial agent, the cationic antimicrobial peptide protamine, with
surface-layer proteins and with the lipopolysaccharides of the outer membrane were modeled and analyzed.
We found that (1) divalent ions stabilize the surface-layer protein array by reducing the ﬂuctuations perpen-
dicular and parallel to the membrane plane thereby promoting adhesion to the LPS region. This was achieved
via (2) divalent ions bridging the negatively-charged LPS Core. The effect of this bridging is to bring individual
Core regions closer together so that the O-antigens can (3) increase their attractive van derWaals interactions
and “collapse” to form a surface with reduced perpendicular ﬂuctuations. These ﬁndings provide support for
the proposal of Yang et al. [1]. (4) No evidence for a signiﬁcant increase in Ca2+ concentration in the region
of the surface-layer protein subunits was observed in S+ simulations compared to S− simulations. (5) We
predicted the trends of protamine MIC tests performed on C. fetus and these were in good agreement with
our experimental results.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Campylobacter fetus is a gram negative bacterium recognized for
its virulence in animals and humans [3]. C. fetus is comprised of two
subspecies; C. fetus subsp. venerealis causes a venereal disease in
cattle and is rarely associated with human infection whereas C. fetus
subsp. fetus infects cattle, sheep, goats, and reptiles as well as humans.
C. fetus subsp. fetus may be transmitted via a wound or more often,
through ingestion of contaminated food or water [4,5] and subse-
quent disease may involve enteritis or in immunocompromised
hosts, extraintestinal infection [4]. In pregnant hosts, the organism
displays a tropism for placental tissue and infection usually results
in premature labor and abortion [6].
The C. fetus cell envelope is typical of gram negative bacteria and
includes an inner membrane, a peptidoglycan layer and an outer
membrane containing lipopolysaccharide (LPS). External to the LPS
is however, an additional cell envelope component, a proteinaceous
surface layer. C. fetus LPS molecules are homogeneous in length
[smooth-type LPS; 7] and are expressed as one of two unique+1 902 867 2414.
.
rights reserved.O-antigen types which distinguish the bacterium as belonging to se-
rotype A, B or AB [7,8]. Of strains assessed, C. fetus subsp. venerealis
belong to serogroup A whereas C. fetus subsp. fetus strains may be
of serotype A, B or AB [8,9]. The surface-layer proteins adhere to the
O-antigen component of the LPS [1,2] forming a two-dimensional
paracrystalline array on the external side of the outer membrane.
This array exhibits hexagonal or less frequently, tetragonal lattice
symmetry depending upon the size of the protein subunits [10,11].
As the outermost cell envelope component, the S layer facilitates in-
teraction with host molecules and cells. C. fetus infection is often associ-
atedwith a transient bacteremia [4] and the presence of the surface layer
contributes to resistance to mammalian immune defences. The S layer
provides serum resistance through the inhibition of complement protein
C3b binding and, in the absence of opsonizing antibodies, inhibits C. fetus
phagocytosis by polymorphonuclear leukocytes [12]. In addition, the S
layer undergoes antigenic variation [13–15] restricting opsonic activity
of previously generated antibodies. DNA rearrangement enables expres-
sion of one of multiple different S layer protein (sapA) genes [16], yield-
ing proteinswith identical N-terminal sequences but varying in size from
97 to 149 kDa [2]. In vitro analyses indicate that in the presence of ﬁbro-
nectin, a soluble protein and structural component of the mammalian
extracellular matrix [17,18], the S layer also enhances C. fetus adherence
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layers may also function as a physical barrier providing protection from
predatory bacteria such as Bdellovibrio bacteriovorus, a small bacterium
approximately 0.5 microns in length [20]. Interactions between C. fetus
and Bdellovibrio spp. in the natural environment have not been reported.
A laboratory analysis, however, revealed that S layer expressing C. fetus
strains were resistant to B. bacteriovorus predation, whereas S layer deﬁ-
cient C. fetus strains were susceptible to predation (Koval, Graham and
Beveridge, unpublished). The center-to-center spacing of individual pro-
tein subunits in an S layer ranges from 2.5 nm to 35 nmwith pores be-
tween subunits averaging ~2–8 nm in diameter [21]. As such, small
molecules including antibiotics such as gentamicin with a length scale
on the order of Angstroms, readily pass through the pores between sub-
units and are able to kill or inhibit bacteria [22]. This study will focus on
the interaction of the C. fetus cell envelopewith the cationic antimicrobial
peptide (CAP) protamine.
Studies have concluded that the presence of divalent cations
(e.g. Ca2+) in solution is a necessary element in maintaining the
crystalline structure of surface-layer protein aggregates in C. fetus
[21]. Two explanations for the requirement of divalent cations in
preserving the arrangement of these proteins have been put forth.
It has been suggested that the role of divalent cations is to neutral-
ize the net negative charge on surface-layer protein subunits [2]
and that aggregation of the protein subunits and adhesion to the
LPS region is facilitated speciﬁcally by divalent cations reducing
the electrostatic repulsion in these interactions. Yang et al. [1] pro-
posed that divalent cations form “bridges” between the negatively
charged Core lipopolysaccharide molecules thereby allowing sufﬁ-
cient interaction between surface-layer proteins and the LPS region.
By reducing the repulsive forces between individual LPS molecules,
a larger number of LPS molecules are able to interact with the
N-terminal region of the surface-layer protein subunits [1,2]
contended that divalent cations do not participate directly in inter-
actions with surface-layer proteins. It is conceivable that a combi-
nation of these two mechanisms may be used to maintain the
adhesion of surface-layer proteins with the underlying O-antigen.
One goal of this work is to understand the reasons for the stability
of the surface-layer protein array.
The presence of divalent cations greatly inhibits the effectiveness
of CAPs in killing or inhibiting Gram-negative bacteria including
Escherichia coli and Pseudomonas aeruginosa [23]. A second goal of
this work is to investigate how the presence or absence of divalent
cations in solution affects the ability of the surface-layer protein
array to defend the bacterium against the CAP protamine.
In this paper, we use mathematical modeling and computer simula-
tion to explore the effects of physical interactions at this bacterial
cell-antimicrobial peptide interface. This approach allows us to investi-
gate (a) how surface-layer proteinsmaintain their assembled structure,
(b) examine the role of these proteins in antimicrobial defence against
the CAP protamine and (c) predict the effects of the presence of divalent
cations on protamine efﬁcacy. A coarse-grained minimal model [23]
speciﬁc to the structure of the outer membrane of C. fetus, with and
without surface layer proteins, has been constructed to study and pre-
dict phenomena related to the behavior of this bacterial surface. Mini-
mum inhibitory concentration (MIC) tests establish the microbiostatic
or microbiocidal activity of an antimicrobial agent against a speciﬁc mi-
croorganism. Protamine MIC tests have been performed on C. fetus and
are compared to simulation predictions of protamine efﬁcacy. Together,
these methods will allow us to better understand the mechanisms by
which C. fetus stabilizes the surface-layer protein structure and reacts
to cationic antimicrobial peptides.
2. Model
It is likely that surface-layer protein aggregate stability is
maintained by the LPS layer and ionic concentrations in the aqueousenvironment. As such, we have modeled the outer most cell envelope
region of C. fetus; the lipopolysaccharide (LPS) region and overlying
surface-layer proteins.
We modeled two systems: (1) A surface-layer protein-deﬁcient
strain of C. fetus with a smooth-type LPS (100% O-antigen cover), re-
ferred to as S−, and (2) a strain of C. fetus expressing surface-layer
proteins forming a layer external to the O-antigen, referred to as
S+. S− and S+ simulations were performed in the presence of
100 mM NaCl, with and without 50 mM CaCl2.
Different molecular components were distinguished by their re-
spective electrostatic and Lennard–Jones potentials. All charge mag-
nitudes were expressed in multiples of e, the fundamental electric
charge (e=1.602×10−19C). Each component of the model is de-
scribed in detail in the following sections.
2.1. Aqueous solution and hydrophobic region
The xy-plane deﬁned the model cell membrane plane. The
half-space z>0 represented the aqueous region possessing relative
permittivity εw=81. We modeled the hydrophobic region of the
membrane as an inﬁnite linear dielectric in the half-space zb0 with
relative permittivity εhc=5 corresponding to the characteristic oil
structure of the membrane [22,24]. No free surface charge was direct-
ly assigned to the cell membrane. In the presence of electric charges
in the aqueous solution, the cell membrane can be polarized.
2.2. Lipopolysaccharide region
2.2.1. Lipid A
Lipid A served to anchor the LPS to the outer membrane and to
maintain the two-dimensional formation of the LPS molecules on
the cell membrane. The hydrophobic region of the Lipid A was
modeled by a sphere of radius 0.4 nm, embedded in the outer mem-
brane [24]. This sphere was free to make displacements up to 0.15 nm
into and out of the cell membrane region. Two glucosamine residues,
represented by spheres of radius rLPS=0.15 nm with charges of −1
located at their centers, were attached to the hydrophobic Lipid A
sphere. In our model, these two residues were restricted from enter-
ing the outer membrane region, zb0, and had stretchable bond
lengths within the hydrophobic Lipid A region of 0.52±0.12 nm.
2.2.2. Core
Attached to the Lipid A glucosamine molecules was the charged LPS
core region. As the chemical structure of the C. fetus LPS core region has
not been elucidated, the model molecule based on the C. jejuni core
structure was used [25]. The LPS core region of C. fetus was modeled
as six negatively-charged saccharide units each of charge −1, one
positively-charged saccharide of charge +1, and four uncharged sac-
charides. Each saccharide unit was represented as a sphere of radius
rLPS=0.15 nm and the charges were located at the centers of the
spheres. The core LPS molecules were bonded as shown in Fig. 1 with
an equilibrium bond length of 0.52±0.12 nm and an interior bond
angle between three neighboring saccharide units of 120±10°.
2.2.3. O-antigen
TheO-antigen terminates the LPSmolecule. This is an oligosaccharide
polymer attached to the outer core region. C. fetus is characterized by a
smooth LPS with O-antigen segments of equivalent length attached to
nearly all core regions [7]. In ourmodel, we chose 100% coverage for sim-
plicity. There are two types of O-antigens displayed by this bacterium,
which distinguish C. fetus serotypes: Serotype A possesses an O-antigen
that is a D-mannan linear chain of approximately 10–12monosaccharide
mannose units [26]. Serotype B possesses an O-antigen that is a
D-rhamnan linear chain of approximately 12 disaccharide rhamnose
units, terminated by a residue of D-acofriose [27]. We chose to model
the serotype B LPS. The O-antigens of serotype A and B molecules do
Fig. 1. A: Schematic coarse-grainedmodel of the Core and Lipid A region. Gal= galactose;
GalNac = Nacetyl-galactosamine; Hep = heptose; KDO = 3-deoxy-D-manno-2-
octulosonic acid. Black spheres represent negatively-charged sugars, grey spheres repre-
sent uncharged sugars and the pale gray sphere represents a positively-charged sugar.
The sphere centers are connected by stretchable bonds. B: Coarse-grained model of an
LPS molecule showing the Core and the Lipid A with hydrocarbon chains represented by
anchoring spheres. Theﬁrst (uncharged) sugar of the O-antigen is shown as a grey sphere.
Fig. 2. A: Protamine sequence with arginine in bold. B: diagram of portion underlined
in A with the guanidinium spheres described in the text shown as circles. C: The model
of sequence B with the 3-carbon aliphatic straight chains represented by bonds.
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used for the Core, were used for the O-antigen.
These are all so-called coarse-grained models because they repre-
sent complex atomic structure by simpliﬁed structures such as re-
placing a sugar group by a sphere. It is necessary that we use them
because, to include atomic details, would make the simulations too
large to run in a reasonable length of time. Further, the models used
here have been validated by agreement with experiment and have
been used to make predictions [28].
2.3. Surface-layer proteins
A C. fetus surface-layer protein possesses a sequence of 939 resi-
dues [16]. Using the Phyre (Protein Homology/Analogy Recognition
Engine) Server, a protein alignment data base, we were able to ap-
proximate the spatial positions of each of the residues [28,29]. Each
residue was represented by a sphere of radius 0.15 nm. The appropri-
ate net residue charge (+1 or –1) was assigned to the centre of each
such sphere.
Surface-layer proteins of bacteria have been described as
“energetically closed surface crystals” [21]. In light of the ‘crystal’ nature
of surface-layer protein aggregates, the individual amino acid units
were constrained to a ﬁxed position with respect to the centre of
mass of the surface-layer protein. Only motion with respect to the cen-
tre of mass, either translational or rotational, of the entire surface-layer
protein as a unit was permitted.
2.4. Aqueous solution
The aqueous ionic solution was modeled in three parts: water
molecules, implicit ions and explicit ions. Water was represented as
a continuous dielectric in the half-space z>0 with a relative permit-
tivity εw=81 [30,31]. Implicit ions were taken into account usingthe linearized Poisson–Boltzmann theory [30,31]. By taking into ac-
count the effect of some of the monovalent ions in this manner, the
electrostatic potentials possessed a ﬁnite range because of the expo-
nential term exp(-κr). The remainder of the monovalent ions were
represented explicitly. A monovalent ionic concentration of 100 mM
corresponds to a value of κ=1.0 nm−1. We speciﬁed a total monova-
lent ion concentration of ~100 mM in the “bulk”, corresponding to a
typical physiological concentration, and represented 25 mM of it by
linearized Poisson–Boltzmann theory, as we did elsewhere [28]. The
remaining monovalent ions were represented explicitly and contrib-
uted the other 75 mM. Those hydrated ions were modeled as spheres
with a radius of rion=0.18 nm. The appropriate ion charge was locat-
ed at the centre of the sphere. To model a 50 mM CaCl2 solution, 210
Ca2+ and an additional 420 Cl− ions were initially distributed
randomly throughout the system. We deﬁned the “bulk” to be the re-
gion 20.0bzb30.0 nm. In order to represent the correct concentration
in the bulk, we speciﬁed the ionic concentration in the region
20.0bzb30.0 nm and permitted the membrane and its neighborhood
to adopt charge distributions in accordwith theMonte CarloMetropolis
algorithm. Linearized Poisson–Boltzmann theory should not be used to
represent multivalent cations such as Ca2+ since such ions can form
quasi “bound states”with pairs of negatively-chargedmoieties, thereby
taking part in 3-body interactions that are not described by Poisson–
Boltzmann theory [28]. As discussed above, Ca2+ has been hypothe-
sized to play a unique role in this system by bridging the core region
of LPS molecules and other negatively charged residues. All Ca2+ ions
and their corresponding Cl− anions were modeled explicitly.
2.5. Protamine
Protamine Y1 is a 31-amino acid cationic antimicrobial peptide
(CAP) with a molecular weight of 4000–4200 Da possessing 20 argi-
nine residues thereby giving it a net positive charge of +20. This mol-
ecule is notable for its lack of a tertiary structure, primarily due to the
high concentration of arginine groups. It was modeled as before [23]
and shown in Fig. 2. Trimers of residues along the polypeptide backbone
were represented by uncharged spheres of radius rbb=0.15 nm. The
backbone residues were connected by bonds of equilibrium length
0.38±0.12 nm and interior bond angles of 140±10°. Twenty positive-
ly charged (Q=+1) arginine residues bonded to the backbone were
similarly represented by spheres of radius 0.15 nm representing the
positively-charged guanidinium groups and bonds representing the
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um lengths 0.8±0.12 nm and angles with respect to the local polypep-
tide backbone lying between 45° and 135°, as shown schematically in
Fig. 4C.
2.6. Computer simulation parameters
Monte Carlo computer simulation [32,33]was carried out on a sec-
tion of this cell surface with a simulation volume possessing dimen-
sions 16.0×14.0 nm in the plane of the cell surface (x–y plane) and
30.0 nm along the z-axis, which accommodated 100 model LPS mol-
ecules on an approximately-hexagonal lattice at the hydrocarbon
chain/water interface. Periodic boundary conditions in x and y were
imposed. No ion, LPS Core or O-antigen, surface-layer protein, or prot-
amine component was allowed to enter into the hydrophobic region
or to escape the system volume. The simulation temperature was
set to 310 K, the average internal temperature of mammals which
are the common habitats for this bacterium.
Our model surface-layer proteins were initially arranged in a
roughly hexagonal lattice and were free to make small moments ei-
ther translationally along the x-, y- and z-axes or rotationally about
their respective centers of mass in accordance with Monte Carlo algo-
rithm (below). The average initial centre-of-mass center-to-center
spacing between surface-layer proteins was 7.0 nm with an average
initial pore, the gap between the surface-layer proteins, diameter of
4.5 nm. These values fall within the experimentally measured spac-
ings of surface-layer proteins [21].
3. Theory
3.1. The Lennard–Jones 6–12 potential
Van der Waals dispersion forces in homogeneous or simple lay-
ered systems on a meso-scale are best described by Lifshitz theory
[30,34,35]. On a molecular scale, however, not only can signiﬁcant in-
homogeneities arise, but the concept of a local frequency-dependent
electric permittivity, necessary for the application of Lifshitz theory,
is ill-deﬁned. In this case it is necessary to use simpler 2-body interac-
tions to represent the many-body nature of dispersion forces. The
simplest such interaction is the Lennard–Jones 6–12 potential
which represents this interaction energy between two “atomic-scale”
moieties, 1 and 2, located at r
→
and r
→′ respectively as [36,30],
U6−12 1;2;Rð Þ ¼−
C6 1;2ð Þ
R6
þ C12 1;2ð Þ
R12
ð1Þ
where R ¼ r→− r→′
 . We used values of C6(1,2) and C12(1,2) as used by
the simulation package GROMACS [37–39] and averaged over the
coarse-grained moieties (saccharide group, polypeptide component)
that we are using.
3.2. Electrostatic interactions
We made use of electrostatic interactions as described elsewhere
[40–42]. The aqueous solution and the hydrocarbon-chain region of
an LPS monolayer were represented by two dielectric continua with
relative permittivities 81 and 5 respectively, with the two regions
separated by a plane at z=0 as done before [28]. We used linearized
Poisson–Boltzmann (PB) theory [31] to obtain the electric potential at
a point R
→¼ xx^ þ yy^ þ zz^ in the aqueous solution containing monovalent
salt, due to an electric charge, Q located at R
→
0 ¼ x0x^ þ y0y^ þ z0z^, also in
the aqueous solution. Here x^, y^, and z^ are unit vectors with z^ perpendic-
ular to the plane of the membrane–water interface. Netz and coworkers
[40–42] derived expressions for the electrical potential at R
→
. Since εhc=5
of the hydrophobic region is very much less than that, εw=81, of theaqueous solution, with η=εhc/εw≈0.06 and χ=(1−η)/(1+η), the
expression for the potential simpliﬁes. The electrical potential at R
→
becomes
V Q ; R
→
0 ;R
→
 
¼ 1
.
4
πεwε0
 
∑
j
Q jf R
→
j
   ð2Þ
f R
→
j
   ¼ e−κ R→j
 ,
R
→
j
ð3Þ
where the sum is over j=1 to 2, and R
→
1 ¼R
→
−R
→
0, R
→
2 ¼R
→
−R
→
0 þ 2z0z^,
Q1=Q, and Q2=χQ, and κ−1 is the Debye screening length. The poten-
tial (2) goes to the two correct limiting values as εhc→0 or as κ→0. At
room temperature, a value of κ=10 Å−1 corresponds to ~100 mM.
3.3. Computer simulation
We made use of the Metropolis Algorithm and the bond-stretching
algorithm [32,33,43,44]. Our simulations made use of three basic steps:
1. The system was initialized to an extended conﬁguration and the
system brought to thermodynamic equilibrium via the following
procedure:
2. A constituent moiety or ion was randomly selected. The electro-
static potential energy and Lennard–Jones potential energy be-
tween all neighboring molecules, ions and image charges within
a cutoff radius of 2.0 nm of the position were computed and
summed. Because of the screened Coulomb interaction (Eqs. (2)
and (3)) and the 1/R6-dependence of the Lennard–Jones potential,
the interaction range was ﬁnite. The resulting cumulative energy
was labeled UI, the energy of the initial state, SI.
3. The selected component was then displaced translationally from
the initial position a random distance on [−0.05, 0.05] nm in
each of the x, y, and z directions and the energy, UF, of this pro-
posed ﬁnal state, SF, calculated. Deﬁne ΔU=UF−UI. The difference
between the two states, SI and SF is made sufﬁciently small that the
application of the Metropolis algorithm results in approximately
one half of moves being accepted [32]. In addition to the conﬁgura-
tional movement described here. the protamine molecule as a
whole and each of the surface-layer protein subunits attempted
to carry out translational or rotational moves around their centers
of mass in accord with the Metropolis Algorithm. Steps 2–3 were
repeated for all system moieties and ions. These attempts to
move each component comprise one “Monte Carlo step”.
4. Materials and methods
4.1. Bacterial strains and culture conditions
Bacterial strains used in this study are shown in Table 1. Stock bacte-
rial culturesweremaintained in peptone-glycerol broth (10 g peptone/L,
5 g NaCl/L, 25% v/v glycerol) at−80 °C. Bacteria were routinely cultured
on Columbia agar (Oxoid, Nepean, Ontario) supplemented with 5% v/v
sheep blood (sBAP; Oxoid) at 37 °C for 48 h under microaerobic condi-
tions (5% O2; 10% CO2, 85% N2). Isogenic S layer-deﬁcient C. fetus strains
were cultured on sBAP containing 50 μg/mL kanamycin [19,46]. For
assay, bacteria were inoculated onto Mueller-Hinton (MH) broth or
agar containing protamine with and without 50 mM CaCl2.
4.2. Protamine MIC
Protamine (Sigma-Aldrich, Oakville, ON) minimal inhibitory con-
centrations were determined using modiﬁed broth dilution and agar
dilution methods [45]. For broth dilution, serial 2-fold dilutions of
protamine (0–400 μg/mL) were produced in MH broth. Duplicate
Table 1
C. fetus strains.
Species/strain Description Hydrophobicitya Source/reference
C. fetus subspecies fetus
11686 S layer expressing 5.44 NMLb
11686 K S layer deﬁcient 31.7 [19]
13783 S layer expressing 10.65 NML
13783 K S layer deﬁcient 32.55 [19]
UA60 S layer expressing 43.215 D.E. Taylor, U. Alberta
UA60K S layer deﬁcient 40.822 [19]
C. fetus subspecies venerealis
809 S layer expressing 0.123 D.E. Taylor, U. Alberta
809K S layer deﬁcient 31.3 [46]
a Bacterial cell surface hydrophobicity was determined using the biphasic hydrocar-
bon adherence assay [47]. Data are presented as the percent bacterial adherence to
hexadecane [19].
b National Microbiology Laboratory, Winnipeg, Canada.
Fig. 3. LPS number density, ΦLPS(z), in the Core region as a function of position, z, away
from the membrane plane. Aqueous solution with 100 mM NaCl (gray) or with
100 mM NaCl and 50 mM CaCl2 (black).
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harvested into MH broth and diluted to an OD600 nm of 0.22 corre-
sponding to a cell density of 108 CFU/mL as determined by serial dilu-
tion and viable plate counts. Bacteria (100 μL; ~107 CFU) were
inoculated into protamine/MH broth dilutions and incubated at
37 °C for 1, 2, 4, 6 and 24 h. At each time point, 5 μL samples were
spotted onto MH agar and onto MH agar containing protamine at con-
centrations equivalent to those from which the sample originated
(i.e., C. fetus exposed in broth to 200 μg protamine /mL were spotted
onto MH agar and onto MH agar containing 200 μg protamine/mL).
Cells were incubated at 37 °C under microaerobic conditions and
growth recorded 72 h post inoculation.
5. Results and discussion
Four variations of C. fetus outer membrane model systems were
considered:
1. 100 mM NaCl; absence of surface-layer proteins (S−)
2. 100 mM NaCl, 50 mM CaCl2; S−
3. 100 mM NaCl; surface-layer proteins present (S+)
4. 100 mM NaCl, 50 mM CaCl2; S+
All were equilibrated for 2.5×105 Monte Carlo steps (MCS). Equi-
librium was determined to have been reached when the following
criteria were met: (1) The lipopolysaccharide region had relaxed
above the cell membrane and the distribution as a function of posi-
tion above the cell membrane was stable. (2) Ion number densities
as a function of position above the cell membrane had stabilized.
(3) The coordinates of the surface-layer protein moieties were stable
to within a standard deviation of 3 Å of their mean values. Equilibri-
um was reached within 2×105 MCS and statistics were obtained by
averaging over the subsequent 5×104 MCS.
5.1. Lipopolysaccharide distribution proﬁle
We analyzed the lipopolysaccharide region number density,
ΦLPS(z), as a function of position, z, away from the cell membrane
plane in order to determine the effect of Ca2+ on this region. The dis-
tributions of lipopolysaccharide moieties in S+ simulations were cal-
culated as a function of height above the cell membrane–water
interface (z=0) and are shown in Fig. 3.
In simulations with CaCl2, the Ca2+ ions accumulated in the core
region, as shown in Fig. 4 (below). Our simulations provide evidence
that the presence of Ca2+ close to the outer membrane induces a den-
sity increase in the Core region, as shown in Fig. 3. This increase in
positive charge draws the structure closer together, increasing the
density of LPS moieties in the region 2.0bzb5.0 nm by approximately
9% as calcium ions participate in bridging interactions betweennegatively-charged moieties of the LPS. As we shall see below, the
properties of the Core region of the LPS are essential to the stability
of the surface-layer protein structures. A density increase in the LPS
region 2.0bzb5.0 nm results in a more dense O-antigen surface to
which proteins can adhere.
5.2. Ion distribution proﬁles
It has been hypothesized that the stability of the surface-layer pro-
tein structure can be explained through divalent cations aggregating
directly with the negatively charged protein moieties [2]. In order to
investigate this, we computed equilibrium ion number densities,
Φion(z), as functions of position, z, away from the cell membrane
surface for all simulations and the distributions for 100 mM NaCl
with 50 mM CaCl2. The ionic distributions in the space occupied by
surface-layer proteins (the region ~5.0bzb~20.0 nm) were analyzed
to determine if any support for this hypothesis is observed in comput-
er simulations.
A comparison of Fig. 4A and B shows that in S+ simulations, a de-
crease in Cl− concentration is manifested in the approximate region
of the surface-layer proteins compared to S− simulations. This de-
crease in anion concentration occurs due to the net negative (−4e)
charge of surface-layer protein atomic moieties. Fig. 4 shows that
the Cl− distribution decreases and the Na+ distribution increases in
the S+ case compared to the S− simulations. The regions where
this takes place are indicated by pairs of arrowheads. It can be seen
that the Ca2+ distribution remains essentially unchanged (i.e., the
Ca2+ distribution in the Core (0bzb~5 nm)). This indicates that no
aggregation of calcium ions with surface-layer proteins was observed
in computer simulations.
5.3. Surface-layer protein stability
5.3.1. Distribution above the cell membrane
The positions of the centers of mass (COM) of surface-layer pro-
tein atomic moieties were analyzed in order to examine the relation-
ship between stability and average position above the cell membrane.
Gaussian curves were ﬁt to these distributions and Fig. 5 shows the
distribution, ΦSL(z), of the average positions of the centers of protein
atomic components away from the plane of the cell membrane. In the
presence of 100 mM NaCl only, the equilibrium position averaged
over all of the protein atomic components, i.e. the average centre of
mass of all the atomic components of the proteins, was found to be
9.2 nm from the cell membrane–water interface, with a standard de-
viation of 0.7 nm. In the presence of 100 mM NaCl and 50 mM CaCl2,
Fig. 4. Ion number density,Φion(z), as a function of position, z, away from the membrane plane, in the aqueous solution for 100 mMNaCl and 50 mM CaCl2. A: without surface-layer
proteins (S−). B: with surface-layer proteins (S+). Data shown are for Na+ (black), Ca2+ (gray) and Cl− (pale gray). Arrowheads indicate regions where Cl− and Na+ ion number
densities differ between the S− and S+ cases.
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tion of 0.5 nm.
Experimental studies measured a surface-layer protein layer posi-
tion above the cell membrane–water interface of approximately
11 nm [13] though it was not indicated to which point along the pro-
tein this was measured. Taking into account the size of the surface
layer proteins, this measurement is within our simulation results.
5.3.2. Lateral stability
Representative projections of surface-layer protein moieties onto
the xy-plane are shown in Fig. 6 and demonstrates visually the order
that is maintained in C. fetus surface-layer proteins in the presence of
CaCl2 (Fig. 6B), an order that visually decreases in solutions of only
NaCl (Fig. 6A).
Our simulations show agreement with electron micrograph mea-
surements [10,11]. Hexagonal packing of C. fetus surface-layer protein
subunits occurs under physiological conditions, which typically in-
clude divalent cations in sufﬁcient quantities.
The planar radial distribution function (RDF) is given by the fol-
lowing.
g rð Þ ¼ A
2πrN2
∑
i
∑
j≠i
δrijr ¼
A
2πrN2
k rð Þ ð4ÞFig. 5. Normalized Gaussian ﬁt to the number density distributions of the surface-layer
protein atomic moieties, ΦSL(z), as a function of their positions, z, away from the mem-
brane surface. Aqueous solution with 100 mM NaCl (gray) or with 100 mM NaCl and
50 mM CaCl2 (black).In Eq. (4), A is area of the simulation in the x–y plane and N is the
number of atomic moieties. The ﬁrst sum is over all moieties i of a
central surface-layer protein and the second sum is over all other
moieties j. rij ¼ r→i− r→j
  is the distance between moieties i and j in
the system, and δrijr is the Kronecker delta, which is unity if r=rij
and zero otherwise. We used (4) to analyze surface-layer protein
moiety distribution projected onto the x–y plane.
Fig. 7 shows the two-dimensional (coordinates projected onto the
x–y plane) radial distribution functions calculated from the atomic
moieties of the protein structures of Fig. 6. Making use of Eq. (4),
the vectors r
→
i and r
→
j were deﬁned by the x–y coordinates of atomic
moieties i and j irrespective of which protein they belonged to, and
did not include the z coordinates. The case with CaCl2 present is
shown by the black curve. Here, the ﬁrst peak corresponds to the ra-
dial distribution of atomic moieties with a most probable separation
in x–y plane of 0.1–0.2 nm, while the second very broad peak corre-
sponds to the distribution of proteins as a whole. These results
show that, in 100 mM NaCl and 50 mM CaCl2, the atomic structure
can be seen indicating that the proteins are undergoing little hin-
dered rotation perpendicular to the membrane plane and little rela-
tive lateral diffusion in the plane of the membrane. The second
broad peak shows that the average protein-protein separation is ap-
proximately 5.5 nm. In the absence of 50 mM CaCl2 (gray curve)
only one very broad maximum is seen centred at ~1.5 nm, showing
that neither the atomic moieties nor the proteins as a whole exhibit
any signiﬁcant ordering in the plane of the membrane: the proteins
are undergoing signiﬁcant hindered rotations around axes parallel
to the membrane plane as well as exhibiting relative lateral
disordering in the membrane plane, compared to that of the black
curve. Experimental studies of C. fetus measured a repeat spacing of
~6 nm on average, showing excellent agreement with our simulation
results [13].
We are now able to comment upon the reasons for the stability of
the surface-layer protein organization. The results of our simulations,
Figs. 3, 4, 5 and 7, show that the hypothesis of Yang et al. [1] is likely
to be correct: divalent ions bring about a “collapse” of the Core region
and do not associate preferentially with the surface-layer proteins
(Figs. 3 and 4). In turn, the collapse of the LPS Cores brings about a
collapse of the O-antigen region. This forms a surface with reduced
ﬂuctuations perpendicular to the membrane plane (x–y plane)
which is, in turn, manifested by reduced out-of-membrane-plane
ﬂuctuations on the part of the surface-layer protein structure
(Fig. 5). This also results in increased in-plane stability (Fig. 7) com-
pared to the case in which divalent ions are absent.
Fig. 6. Surface-layer protein atomic moieties projected onto the x–y (membrane) plane. Each dot represents the x–y component of the centre of an atomic moiety. A: Aqueous so-
lution with 100 mM NaCl. B: Aqueous solution with 100 mM NaCl and 50 mM CaCl2.
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One protamine molecule was inserted into each system in a
randomly-selected conﬁguration with a centre-of-mass position be-
tween 15 and 20 nm away from the membrane surface. Once the sys-
tem had come to equilibrium, statistics of the protamine molecule were
tracked and moiety number density distributions were calculated for
each trial and averaged. Recall that there are 51 moieties per protamine
molecule. To establish the relative minimum inhibitory concentration
values we used the following assumptions: (i) If the protamine mole-
cules were found in the region near the outer membrane, they had the
ability to disrupt the membrane, and (ii) the region “near the outer
membrane” was deﬁned as being the LPS Core region 0bzb2.0 nm.
5.4.1. Aqueous solution with 100 mM NaCl
Because we were interested in the role that surface-layer proteins
play in antimicrobial peptide defense, we ﬁrst analyzed the case of
surface-layer proteins absent (S−) in the 100 mM NaCl aqueous so-
lution, as the control simulation. Fig. 8A shows the number density
distribution for all 51 protamine spheres (31 amino acid spheres
and 20 arginine spheres), ΦPtm(z) as a function of position, z, away
from the membrane plane. This distribution is dominated by a large
peak centred at z≈1.6 nm with a secondary peak at z≈6.1 nm. The
ﬁrst peak, nearest to the outer membrane plane, is in the Core region.
The consequence of our assumptions (above) that protamine mole-
cules in the region near the outer membrane, i.e. in the LPS CoreFig. 7. Radial distribution function, g(r), of surface-layer protein atomic moieties in the
x–y (membrane) plane. Aqueous solution with 100 mM NaCl (gray) or with 100 mM
NaCl and 50 mM CaCl2 (black).region 0bzb2.0 nm, have the ability to disrupt the membrane, is
that the ﬁrst peak indicates the position of those protamines which
can attack the outer surface of the outer membrane, while the second
is near the outside of the O-antigen region. Fig. 8B shows the effect of
including surface-layer proteins (S+) in the 100 mM NaCl aqueous
solution. It is remarkable that the peak in the Core is essentially
unchanged though that near the top of the O-antigen region has
been replaced by a broad, almost-constant, distribution between
z≈5 and z≈14 nm, due to the presence of the surface-layer proteins.
The surface-layer proteins hide the relatively-smooth continuous
O-antigen surface from the protamine. Accordingly, the rough surface
of the surface-layer proteins together with the small amount of
O-antigen surface available, results in the very localized protamine
distribution of the S− system, becoming smeared-out in the case of
S+. The unchanged peak nearest to the membrane plane, centred at
z≈1.6 nm, leads us to predict that similar MIC values will be mea-
sured for both S+ and S- strains.
5.4.2. Aqueous solution with 100 mM NaCl and 50 mM CaCl2
When the system is placed in an aqueous solution containing
100 mM NaCl and 50 mM CaCl2, with no surface-layer proteins
present (S−), Fig. 8C shows that the protamine peak nearest to the
membrane plane has been reduced by almost a factor of 2, and the
maximum has shifted to z≈1.3 nm. The peak at z≈6.1 nm in the ab-
sence of CaCl2, has now increased and has shifted to z≈5.4 nm when
CaCl2 is present. A small fraction of protamine is repelled into the bulk
as shown by the non-zero values of the distribution for z>20 nm. The
bimodal distribution in the number density plots of Figs. 8A and C can
be attributed to protamine molecules being attracted by the electro-
statics of the negatively-charged Core and by the van der Waals at-
traction of the LPS O-antigen. In the case that surface-layer proteins
are present (S+), the protamine number density distribution showed
that only a small fraction of the protamine distribution lies in a small
peak in the Core region near the cell membrane surface at z≈0.9 nm
(Fig. 8D). Most of the protamine moieties lie outside the LPS Core re-
gion and the distribution extends well into the bulk (z>20 nm). This
part of the distribution is characterized by a very broad distribution
extending from the top of the Core region at z≈2 nm to well into
the bulk at z≈20 nm with a large very broad peak at z≈12.4 nm.
There is another smaller peak on the side of this broad distribution
centred at z≈7.1 nm.
Accordingly, from Fig. 8, and following our criterion that the prot-
amine molecules in the Core have the ability to disrupt the mem-
brane, we predict the following inequalities for protamine MIC:
MIC NaCl; S–ð Þ½ ≈MIC NaCl; Sþð Þ½ bMIC CaCl2; S–ð Þ½ bMIC CaCl2; Sþð Þ½  ð5Þ
Fig. 8. Protamine number density distributions, ΦPtm(z) as a function of position, z, away from the membrane plane. A: Without surface-layer proteins and the aqueous solution
containing 100 mM NaCl. B: With surface-layer proteins and the aqueous solution containing 100 mM NaCl. C: Without surface-layer proteins and the aqueous solution containing
100 mM NaCl and 50 mM CaCl2. D: With surface-layer proteins and the aqueous solution containing 100 mM NaCl and 50 mM CaCl2.
Table 2
Protamine MIC results.
C. fetus strain Protamine μg/mL Protamine+50 mM
CaCl2
MIC Mediuma MIC Medium
C. fetus subsp. Fetus
11686b (S+) 200 MH >400 MH
200 MH/P >400 MH/P
11686K (S−) 400 MH >400 MH
400 MH/P >400 MH/P
UA60 (S+) 400 MH >400 MH
400 MH/P >400 MH/P
UA60K (S−) 100 MH >400 MH
200 MH/P >400 MH/P
13783c (S+) >400 MH >400 MH
400 MH/P >400 MH/P
13783K (S−) 400 MH >400 MH
400 MH/P >400 MH/P
C. fetus subsp. venerealis
809 (S+) b25 MH 400 MH
100 MH/P 400 MH/P
809K (S−) 400 MH >400 MH
400 MH/P 400 MH/P
a MH, Mueller-Hinton medium; MH/P, Mueller-Hinton medium plus protamine.
b Determined from growth on solid medium following 24 h exposure to protamine
in broth.
c Determined from growth on solid medium following 6 h exposure to protamine in
broth.
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The results summarized in Table 2 indicate the effect of protamine
on both a surface-layer protein deﬁcient mutant (S−), and on the
wild type cell expressing surface-layer proteins (S+).
No increase in bacterial optical density was observed in the broth
dilution tubes during the assay. The MIC values reported here refer to
the lowest concentration of protamine inducing an absence of growth
on a solid medium following a 24 h exposure to protamine in the
broth. C. fetus strains 13783 and 809 were not recoverable from the
24 h broth culture. For these strains the MIC values were determined
as described above but following a 6 h exposure to protamine in the
broth. The absence of bacterial growth on both MH and MH/protamine
agars indicated bactericidal activity, whereas growth onMH but not on
MH/protamine was indicative of bacteriostatic activity.
In summary we observed that: (i) the presence or absence of an S
layer did not impact the protamine MIC results in a consistent manner.
For instance, the S layer deﬁcient strain 11686 K was more resistant to
protamine with an MIC of 400 μg/mL compared to the wild type strain
11686 with an MIC of 200 μg/mL whereas no difference in MIC values
was observed for strain 13783 versus 13783 K. (ii) The presence of
CaCl2 consistently increased theMIC values beyond 400 μg/mL, themax-
imum protamine concentration assayed. This was true of all C. fetus
strains assessed and is in agreement with our simulation results. There
are two reasons for this. (a) Ca2+ ions contributed by 50 mM CaCl2,
bring about a collapse of the LPS Core region (Fig. 3) thus increasing
the LPS Core density andmaking it more difﬁcult for protamine to pene-
trate to the hydrophobic region. (b) Because of its large electric charge,
protamine is attracted to the negatively-charged LPS Core (Ca2+ ions
do not completely cancel the negative charges in the Core). The Ca2+
ions contributed by 50 mM CaCl2, are effective in screening these
electrostatic interactions. (iii) The MIC values are very high for anantimicrobial agent. For comparison, in a study of 59 C. fetus subsp.
fetus isolates, all isolates were found to be susceptible to ampicillin, gen-
tamicin, imipenem andmeropenumwith 90% of the isolates having MIC
values for these agents of 2, 1, ≤0.06 and 0.12 μg/mL, respectively [22].
In an assembled S layer, thepores between individual proteinmonomers
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14,600 Da, 3.5 nm) readily penetrates the S layer of bacteria in the gen-
era Bacillus and Clostridia [48] and the Bacillus stearothermophilus S layer
is reported to excludemolecules greater than 30,000 Da [48]. Protamine
(end-to-end length 3.5 nm, 4000–4200 Da) as well as antibiotics, in-
cluding tetracycline (444.43 Da), penicillin (372.48 Da), and ampicillin
(349.4 Da) are smaller, thus it is unlikely that an S layer would exclude
these antimicrobial agents on the basis of size or molecular weight
alone. Exclusion through charge or hydrophobic interactions between
chemical agent and S layer aremore likely. Arbing et al. [49] recently pro-
posed a high resolution model of the Methanosarcina activorans S layer
containing 3 distinct pore types with minimum diameters of 13, 8 and
5 Angstroms. These pores are predicted to allow passage of small molec-
ular weight compounds including amino acids, purines, vitamins and
siderophores, but to impede passage of negatively charged compounds
due to the negatively charged pore surface as well as the negatively
charged internal and external surfaces of the S layer. Ourmodel indicates
that the cationic molecule protamine concentrates at negative surfaces
(core region) and at the S layer. In vivo, this would reduce its antimicro-
bial activity and increase MIC values.
6. Conclusions
The stability of the arrangement of the surface-layer proteins of
C. fetus and their ability to inhibit attack by the cationic antimicro-
bial peptide (CAP), protamine, was modeled and studied using
computer simulation. We examined the role of divalent cations in
maintaining the stability of the S layer structure. We modeled the
serotype B lipopolysaccharide with and without surface-layer pro-
teins. A representation of protamine Y1, derived from herring, was
used in our simulations. The NaCl and CaCl2 solutions were modeled
by a combination of explicit Na+, Cl−, and Ca2+ ions together with im-
plicit monovalent ions in an aqueous solution represented by the linear
approximation to the Poisson–Boltzmann equation with κimplicit=
0.5 nm−1. These two representations yielded a total Debye screening
length of κ−1≈1.0 nm. In addition to electrostatic interactions, the
Lennard–Jones potential was used to model attractive van der Waals
dispersion forces and molecular repulsion at short scales.
We concluded:
(1) Adhesion of surface-layer proteins to the lipopolysaccharide
region was observed in simulations with and without the
presence of divalent cations. However, surface-layer protein
moieties were dispersed over a greater range in vertical and
lateral position above the LPS region in 100 mM NaCl only
compared to those in an equal strength NaCl solution
containing 50 mM CaCl2. The simulation results showed why
divalent ions are necessary to maintain the stability of the
surface-layer protein lattice: vertical ﬂuctuations in the ab-
sence of these ions would tend to destabilize protein layer.
The addition of CaCl2 in a sufﬁcient quantity was adequate to
stabilize the structure formed by surface-layer proteins and
promote adhesion to the LPS region, in excellent agreement
with experimental studies (see, for example, [1]).
(2) Evidence for the mechanism of surface-layer protein stability
proposed by Yang et al. [1], was observed. Our simulations
demonstrated a lateral contraction of the lipopolysaccharide
molecules via divalent cation bridging between the negatively-
charged saccharides of the LPS Core. The effect of this bridging
resulted in amore tightly packed LPS region exhibiting some col-
lapse, which, in turn, provided a denser surface area with re-
duced vertical ﬂuctuations, for the adherence of surface-layer
proteins.
(3) In addition to the necessity of Ca2+ ions for bringing about LPS
Core contraction, the interaction between the LPS region and
surface-layer proteins that played the greatest role inmaintainingthe surface-layer attachment appeared to be the van der Waals
dispersion forces. The effect of adding CaCl2 might serve to in-
crease the importance of van der Waals attractive forces relative
to repulsive electrostatic forces between the negatively-charged
moieties of the surface-layer proteins, by reducing the total
Debye screening length of the system [e.g. 47]. The effect of
these forces appeared to be decreased by the addition of CaCl2,
as shown by the stability of the surface-layer protein aggregate.
(4) No evidence for an increase in Ca2+ concentration in the region of
the surface-layer protein subunitswas observed in S+simulations
compared to S− simulations. An increase of Na+ ions and a de-
crease of Cl− ions in the surface-layer protein region were
observed in S+ simulations, indicating neutralization of the
negatively-charged surface-layer protein subunits through elec-
trostatic interactions with monovalent ions only.
(5) Computer simulations showed excellent agreement with the
trend of MIC tests performed on C. fetus. Similar number density
distributions in the region 0bzb2.0 nm were calculated in both
S− and S+ simulations modeled in 100 mM NaCl and it was
found experimentally that the same concentration of protamine
for the same time period was required to kill C. fetus. In 50 mM
CaCl2 however, our simulations predicted an increase in prot-
amine MIC for both S− and S+ strains. Experimentally, no
concentrations of protamine tested (up to 400 μg/mL) were sufﬁ-
ciently strong to kill C. fetuswhen MIC assays were performed in
the presence of CaCl2.Acknowledgements
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